Introduction.
The bulk rheology of rigid small spheres suspended in Newtonian fluids strongly depends on the nature of interactions between particles and on the particle size. Brownian motion and interparticle forces can equilibrate when the characteristic size of particles is below the micrometer, while hydrodynamic forces are predominant for macroscopic sizes.
For a large variety of colloidal suspensions (particle in diameter range 1 to 10 J1m) Brownian motion is weak enough to be neglected, while interparticle interaction remains an important factor in the bulk rheology.
For a flocculated suspension, as a consequence of coupling between the microstructure of the suspension and the imposed flow, the characteristic size to be considered is the mean floc size instead of the individual particle diameter. As a matter of fact, at low shear rates, floc size may be considered as macroscopic. At high shear rates, even if flocs are reduced to individual particles, Brownian motion can be neglected when compared to hydrodynamic interactions. Therefore, in the following, the non-Newtonian behaviour due to Brownian motion [1, 2] is not taken into account. On the contrary, our attention is focused on the coupling between microscopic physico-chemical properties and the rheological behaviour of colloidal suspensions.
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As remarked in [3] the study of flocculated suspensions at low shear rates is somewhat difficult because of the non-equilibrium nature of the structure at rest resulting from the weakness of Brownian motion.
At rest, when the particle volume fraction is above the percolation transition threshold, aggregates are supposed to form a three-dimensional network. When a finite stress is applied to the suspension, this structure breaks. Increasing the stress, aggregates are gradually disrupted and are finally reduced to individual (radius a). With decrease in stress, individual particles build up aggregates again. In a steady state, a dynamical equilibrium exists between the state of aggregation and the stress applied.
In section 2 we recall some experimental and theoretical results about the steady viscosity of a suspension of non-Brownian hard spheres as a function of the particle volume fraction 0.
In section 3 we define the floc structure as a composite of randomly packed blobs characterized by a fractal dimension D. The non-Newtonian behaviour is supposed to be due to trapped fluid inside each floc. The volume of this trapped fluid is evaluated as a function of the mean particle coordination number z.
In section 4 a relation is proposed to describe the dynamical equilibrium between the mean radius of the fractal blobs and the shear stress applied
In the last section, a rheological law is inferred by introducing an effective particle volume fraction in the rheological law related to a suspension of hard spheres. This [4] , and the ~(~2) term was calculated much later by Batchelor [5] The numerical coefficient of the 0(4)2) term must be replaced by 5 [6] ) prevents the use of equation (1) for the suspension viscosity.
It has been suggested in [7] , as a conjecture, that the percolation transition must play a role in the variation of viscosity with concentration. As a consequence, in the following, we consider the suspension as concentrated if 4&#x3E; &#x3E; 4 & # x 3 E ; p .
To calculate the apparent shear viscosity of a concentrated suspension of hard spheres in a Newtonian fluid we use a free cell model [8] which has been widely used for calculating the properties of concentrated suspensions. A cell consists of a particle surrounded by a shell of fluid and by the other particles. The apparent overall shear field is defined by :
The local shear rate y* averaged over the fluid shell volume is :
where ~* is the packing concentration of randomly packed spheres.
The dissipation per unit time and per unit volume expressed by means of the apparent shear viscosity and the apparent shear rate y must be identical to the dissipation per unit time in the fluid fraction (viscosity Jlo) :
Hence, the apparent shear viscosity is :
In the following, equation (2) is assumed throughout this paper to be the reference equation for a concentrated suspension of hard spheres with only hydrodynamic interactions [9] .
To take particle interactions into account it has been suggested first in [10] and later in [11, 12] that an effective particle volume fraction be considered instead of the real volume fraction.
3. Some conjectures concerning the structure of a concentrated flocculated suspension.
Recently several theoretical models have been introduced to describe the growth of particle clusters by aggregation [13, 14, 23] . We where the summation covers all the N particle sites of the cluster, and where Ri joins the origin and the centre of every i particles. The gyration radius RF is simply related to the Hausdorff dimension D and to the number N of particles per cluster :
The particle density in a fractal structure is a decreasing function of the number N of particles belonging to the structure when D 3. Therefore, in a concentrated suspension, fractal structure cannot grow indefinitely.
We will consider now, the suspension being at rest, the formation of a packed structure formed of fractal aggregate(s) able to fill the space between two planes, whatever the distance between planes. When the volume fraction 0 is below the critical percolation concentration ~p, this structure cannot appear [6] . Up to Op, 0 is the volume fraction of isolated particles or of small aggregates. Above When ø &#x3E; øp, the structure of the infinite cluster is no longer purely fractal but formed of fractal blobs packed with the volume fraction ~*. Let D be the fractal dimension of blobs :
We pointed out in the preceding section that in order to take particle interactions into account, it has been suggested that equation (2) Let zo be the mean value of the coordination parameter in an infinite fractal floc. The coordination number must be lower than zo in a fractal floc whose radius RF is finite since the particles at the floc surface must have fewer than zo contacts with their neighbours. On the other hand, the constancy of zo throughout the fractal structure can be inferred by some arguments analogous to those used in polymer studies [ 15] . A pair correlation function may be defined as follows : we choose one particle at random in the fractal structure. Then we determine the number density of the other particles at a distance r of the first and we average the result over all possible choice of the first particle. This function scales like the density inside the fractal floc :
Then, z, = zo everywhere except on the surface. Here and in the following, surfaces are not defined as fractal surfaces but as classical surfaces corresponding to spherical volume of blobs, with radius RF.
On the floc surface the coordination number is the fraction aza of the coordination number inside the floc. Hence :
where N is the number of particles in a fractal blob and AN is the number of particles at the surface Hence :
when the blob radius RF tends to the particle radius a (that means that there is no permanent contact between particles) the coordination number must tend to zero Finally, considering equations (5) and (6) :
Now using equation (4) we can point out that the suspension viscosity becomes infinite when the effective volume Øeff tends to unity. We state that this occurs when the gyration radius RF reaches a maximum. Recalling equations (3) and (7) : From (3) and (8) we can deduce the zo value when the Hausdorff dimension is D ~ 2 :
zo being the highest value of the fractal coordination number z.
From (7) and (9) [16] . It has been observed that, as the shear rate is increased, the relative frequency of the smaller aggregates increases and that of the larger aggregates decreases correspondingly. These results allow us to make the assumption that the main features of this process are still applicable for concentrated suspensions. Flocs forming the following bulk suspension can enlarge until they reach a critical size corresponding to a dynamical equilibrium at a given shear stress. When a floc appears in the flow with a size above this critical size, it is immediately disrupted. Therefore, at a given shear stress r, the floc radius must satisfy an equilibrium equation :
We will now consider an elastic floc as in [17] . The energy required to rupture a floc consists of two parts : ER, the energy required to rupture the links which have been formed between the particles inside the floc, and ED, the energy needed to stretch (but not break) the elastic links between particles within the floc as the tension is transmitted from the shear field to the doublet contact area.
We must emphasize at this point that the energy required to stretch the links between particles is proportional to the number of links per unit volume. But the number of links in the rupture area is proportional to the number of links per unit surface. Then, the main contribution to the energy dissipation may come from stretching bonds within the floc rather than breaking those between two parts of the floc.
We demonstrated in [18] a relationship between the critical deformation of an elastic sphere just before rupture, the surface energy r and the sphere radius R :
To describe the rupture process between two surfaces whose areas are proportional to R 2, the Deryaguin equation [19] where N is the total number of particles in the floc (radius R). and that the floc radius cannot decrease to zero but tends to the limit R = a when the shear stress T becomes infinite, we propose as the equilibrium equation :
To define the shear stress we treat the multifloc interactions via the self-consistent field approximation. This involves surrounding a spherical unit floc, consisting of interacting rigid particles, with a continuum having the mechanical properties of the bulk suspension. Introducing in equation (11) Introducing the value of the effective volume fraction given by equation (12) in the viscosity equation (4) we obtain after some simple algebra :
Focusing our attention on the rheological properties of the suspension at low shear rates, we can calculate the value of the yield shear stress when the shear rate y tends to zero An alternative manner to write equation (14a) is to express the energy B per bond :
The shear stress dependence on the volume fraction 4 & # x 3 E ; , on the energy per bond 8, and on the particle radius a, which was experimentally determined in [21] for coagulated sols, confirms the validity of equation (14b).
A simplified expression for equation (13) 
